Crack expansion of concrete is the initial damage stage of structures, which may cause greater damage to structures subject to longterm loads or under extreme conditions. In recent years, the application of intelligent materials to crack self-repair has become a hotspot among researchers. In order to study the influence of factors on the self-repair capability of shape memory alloy (SMA) wire concrete beam, both theoretical and experimental methods were employed for analysis. For the convenience of experiment, composite materials (epoxy cement mortar and silicone polymer clay) instead of concrete were used. The SMA wires were externally installed on and internally embedded in epoxy resin cement mortar beams and silicone polymer clay beams. Comparison of crack repair situation between two installation methods turns out that both methods possess their own advantages and disadvantages and should be employed according to the actual situation. The influence of unbonded length on the self-repair capability of embedded type SMA wire beams and the necessary minimum unbonded length to achieve self-repair function were studied. The results state clearly that the longer the unbonded length is, the better the crack repair situation is.
Introduction
SMA [1] is a kind of material with shape memory function realized by phase transition which is induced by stress and temperature. Plastic deformation will be generated when SMA which is shaped under a high temperature is placed in a low or room temperature environment. When the ambient temperature rises to the critical temperature, that is, phase transition temperature, the deformation disappears and SMA can be recovered to the initial design state. In this process, the displacement or stress in SMA is the function of temperature. The phenomenon that deformation disappears with the increase of temperature and the shape recovers is called the shape memory effect.
For concrete structures which are prone to crack, the shape memory effect of SMA can be employed to reinforce or repair the cracked structures. One way is to fix SMA material on the structure, and the other is to embed SMA material as reinforcement in the structure, reserving a certain unbonded length.
Many researchers have done much work in this field. By fixing SMA wires on concrete beams, Luo [2] investigated the driving performance and the repair performance of SMA wires. By embedding prestressed SMA wires in concrete beams, He et al. [3] studied the response of the beams under static loading and constant impact loading and the effects of the SMA wires on the repair of cracks. Embedding SMA wires in composite components, Tao [4] tested the repair function of restoring force induced by heating in SMA wires. Maji and Negret [5] embedded SMA sterepsinema in mortar trabeculae and loaded used three-point bending test until visible cracks appeared. Then the SMA sterepsinema was heated by electricity. After a period of time, the visible crack fully recovers, which turns out that the SMA sterepsinema has a great driving function.
Shi Yan et al. [6] applied the shape memory effect of the SMA to make intelligent reinforced concrete continuous beams. The principle of self-repairing property and the factors affecting self-repairing property were experimentally studied. It turns out that deformation and crack width can be significantly decreased by the heated SMA bars. The driving effect can be enhanced by increasing the total cross-section area of the SMA bars or the reinforcement ration of the SMA bars. Li et al. [7] [8] [9] investigated SMA for intelligently self-repairing of concrete structures. The results present that the heating method is an important influencing factor in the restoring force of SMA. However, no further research has been done by scholars on comparison of the advantages and disadvantages between the two installation methods mentioned above and the influence of unbonded length on the repair capacity of internally embedded installation method. This is just the main subject which the paper focuses on.
Experiment Scheme
For the convenience of experiment, the tested beams are made from composite materials instead of concrete. Seven groups of beams numbered as Al-1, Al-2, Al-3, Al-4, Bl-1, Bl-2, and Bl-3 are made. Beams from Al-1 to Al-4 are made from epoxy resins and cement mortars and the rest are made from silicones and clays. The dimension of beams and SMA alloy wires and the unbonded length of SMA alloy wires are tabulated in Table 1 .
The experiment was completed in the mechanical laboratory of Shenyang Jianzhu University and a universal testing machine was used as the loading device. Firstly, three-point bending test was employed to load each beam until visible cracks appeared. The cracked beams were repaired in two ways. One way was to internally embed SMA wires in the structure with reserving a certain unbonded length, as shown in Figure 1 (a). The power was connected to the beam at both ends of the alloy wire for heating the alloy wire, so that the cracks were repaired by force generated by heated alloy wire. This method was applied to beams numbered as Al-1, Al-2, Al-3, BL-1, Bl-2, and Bl-3, in which the unbonded lengths of SMA wires were different. The other way was to externally install Ni-Ti alloy wires on the surface of beam numbered as Al-4, as shown in Figure 1 (b). The power was connected to the beam at both ends of the alloy wire for heating the alloy wire, so that the cracks were repaired by force generated by heated alloy wire. According to crack recovery situation, current strength, and power-on time, the advantages and disadvantages of the two installation methods mentioned above were compared and the influence of unbonded length of the internally embedded installation repair method was analysed.
Factors Affecting the Self-Repair
Capability of Polymer Beams
Influence of Installation Method.
As can be seen from Figure 1 , different bending moment results from different acting location of the restoring force generated by the alloy wire using the two methods. Assume that the central axis is in the middle of the beam, and mechanics is analyzed based on the theory of the concrete structure.
(1) Force analysis of internal embedded repair method:
where indicates the restoring bending moment, is the restoring force, ℎ is the height of beam, is the thickness of the protective layer, is restoring stress in the SMA wire, and is the cross sectional area of the SMA wire.
(2) Force analysis of external installation repair method:
where indicates the distance from the SMA wire to the bottom of the beam.
Comparing (1) by the alloy wires. If restoring forces are the same, we have 1 > 2 according to (1) and (3). Therefore, the bending moment in Figure 2 is larger than that in Figure 3 . The crack can be more easily recovered using external installed SMA wire (as shown in Figure 2 ), and less energy is consumed. Without regard to any other factor except for installation method, comparison between two installation methods is tabulated in Table 2 .
As can be seen from Table 2 , external installed SMA wire not only needs smaller current intensity and less power-on time, but also recovers much more than internal embedded SMA wire does. However, the installation process of external installation method is more complicated. There are not only preembedded parts in the structure, but also installation devices externally erected outside the structure. The cost of external installation method is much higher than that of internally embedded method. But SMA wires which are used in external installation method are reusable and have lower cost and higher activation force. Therefore, both methods have their own advantages and disadvantages. We should select the necessary installation method according to a specific situation.
Influence of Unbounded Length in the Embedded SMA
Beam. In order to study more accurately the influence of unbounded length of internal embedded SMA wires on the self-repairing capacity of beam, the analysis method of controlling crack width in reinforced concrete structures is referred to. According to the bond slip theory, the actual operative length of SMA alloy wires can be expressed as
where is the diameter of SMA wire, 1 is the unbounded length of SMA wire, and 0 is the length of SMA wire between the surfaces of the crack, as shown in Figure 4 . 20 is the slip length of the SMA wire at both ends of the crack, which is estimated according to the reinforcement anchorage length ranges from concrete code [10] . where, the effective height of the cross-section of the beam is given by According to the proportional relationship in Figure 4 ,
By introducing (5) into (6), the following equation can be obtained:
where ℎ is the height of beam, is the thickness of the protective layer, and is the crack width. By introducing (7) into (4), the actual operative length of alloy wire can be obtained when the unbonded length of SMA wire is 1 :
If the strain of SMA wire is and the SMA wire completely recovers its initial shape, the recovery strain is also . When the unbounded length of SMA wire is 1 and the cracks are completely repaired, the recovered length of alloy wire can be obtained as
By substituting the parameters of internally embedded SMA wires beam into (9), we can obtain the value of the theoretically recovered length of SMA wires, as shown in Table 3 .
Based on the unbonded length of SMA wires tabulated in Table 3 , the experiment study on the self-repair ability of beam cracks was conducted. Figure 5 shows the influence of unbonded length of SMA wires on recovery degree of cracks.
Beams numbered as A1-1, Al-2, and Al-3 are made of the same materials. As can be seen from Figure 5 and Table 3 , the longer the unbounded length is, the better the cracks recover. Cracks on beam Al-3 are almost nonvisible. Therefore, the unbonded length of SMA wires in beam Al-3 meets the required length. Similar situations for beams Bl-1, Bl-2, and Bl-3 can be observed, as shown in Figure 5 .
However, further study is necessary to verify nontheoretical unbonded length of SMA wires in the beam that meets the required length for repairing cracks. The experimental and theoretical variations of crack width during recovery process are tabulated in Table 4 , where the unbonded length in beams A1-1, Al-2 and Al-3 are respectively, 0 mm, 10 mm, and 40 mm and the same in beams B1-1, Bl-2, Bl-3.
As can be seen from Table 4 , the experimental and theoretical values of crack recovery in beams with internally embedded SMA wires are in good agreement. Therefore, in order to achieve the self-repair ability, the unbonded length in embedded SMA polymer beams must satisfy the relationship ≥ 1 . The minimum unbonded length achieving self-repair is given by
where represents the recovered length of SMA wire, is the recovery strain of SMA wire, ℎ is the height of beam, is the thickness of the protective layer, and is the diameter of SMA wire. to recover the deformation. The stiffness of beam Al-3 made from pouring epoxy cements and mortars is large and the energy required for repairing is relatively less. Under the condition of very nearly the same recovery degree in beams Bl-3 and A1-3, as shown in Figure 6 and Figure 7 , and the same power-on time, the required current intensity for beam A1-3 is 40 percent less than that for beam B1-3.
Other Factors
The current intensity and the crack closure situation are tabulated in Table 5 . As can be seen, the required current intensity for the beam made from silicones and clays is larger than that for the beam made from epoxy resins and cement mortars. Therefore, the material characteristics do not play a decisive role in crack closure of beams, but they have certain influence on it. Repairing efficiency of the beam made from flexible materials is low, and the current intensity must be large enough to achieve full recovery.
The shape memory effect and superelastic characteristics of SMA materials of different types are different, and the bond between bars and sterepsinema with aggregate in the beam is also different. Therefore, the properties of SMA alloy also affect the self-repair ability. In addition, the beam crack slags will be stuck in the cracks and wil hinder crack closure, which also has influence on crack closure.
Conclusion
In this paper, based on the small stiffness of the composite materials and obvious crack closure phenomenon, the crack closure capacity of beams is theoretically and experimentally analyzed and it can be concluded as follows.
(1) External installation method and internal embedment method are viable in crack closure, and both methods have their own advantages and disadvantages. We should select the appropriate method according to specific conditions.
(2) The minimum unbonded length of the embedded SMA polymer beams that achieve repair is given by (10) .
(3) Properties of beam material and SMA affect crack closure. These factors should be avoided or excluded in the repairing process.
